The effect of site of supplementation of a mixture of two crude preparations (Enzyme C and Enzyme X ) of exogenous polysaccharide-degrading enzymes (EPDE) was studied in vivo using four ruminally and duodenally cannulated heifers (Exp. 1). The treatments were as follows: control (no EPDE), EPDE supplied through the diet (EF, 47.0 g/ d), and EPDE infused continuously into the abomasum (EA, 41.6 g/d). Enzyme treatment increased the concentration of soluble reducing sugars ( P < .05) and decreased NDF content ( P < .05) in the treated feed, but this did not increase the rate or extent of in sacco disappearance of DM from the feed. Compared with control, ruminal fermentation was not affected by EF, but abomasal infusion increased ( P < .05) rumen ammonia levels and shifted ruminal VFA patterns. Ruminal carboxymethylcellulase (CMCase) and xylanase activities were not affected by treatment. Abomasal infusion increased ( P < .05) duodenal xylanase activity as compared with control and EF, but apparent digestion of DM, NDF, and CP were not affected by treatment. Negligible levels of CMCase and amylase reached the duodenum. During an in vitro experiment (Exp. 2), abomasal stability of the two EPDE was studied over a range of pH from 3.39 to .85, with or without pepsin. Carboxymethylcellulase activity (in Enzymes C and X ) and b-glucanase activity (in Enzyme C ) were largely unstable against pepsin proteolysis ( P < .001) and low pH ( P < .001). Xylanase and amylase activities were resistant to pepsin but irreversibly inactivated at low pH. These two experiments showed that abomasal supplementation of EPDE did not successfully supply cellulases and amylases to the intestine, due partially to their limited resistance to low pH and pepsin proteolysis. Although EPDE significantly increased the level of xylanase activity at the duodenum, this did not significantly improve total tract digestion.
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Introduction
For over 30 yr researchers have sought to enhance ruminant production by including exogenous enzymes as feed additives. Early experiments involved mainly amylase-and protease-based preparations. Direct addition of fibrolytic enzymes to ruminant diets has increased ruminal and total tract digestion of DM and NDF (Feng et al., 1992 . Those and other studies (Beauchemin et al., 1995; Dong et al., 1995; Hunt et al., 1995; Lewis et al., 1995; Stokes and Zheng, 1995; Gwayumba and Christensen, 1996; Hristov et al., 1996a,b; Lewis et al., 1996; Treacher et al., 1996) were based on the hypothesis that, by solubilizing plant fiber before consumption, the exogenous polysaccharide-degrading enzymes ( EPDE) could improve ruminal fiber degradability and enhance rumen microbial protein synthesis, or that direct ruminal supplementation of EPDE could enhance ruminal fiber digestion (Lewis et al., 1996) . Because it was commonly believed that EPDE could not survive the extreme proteolytic potential of the rumen ecosystem (Chesson, 1994) , postruminal effects of supplemental EPDE were not examined. However, we have demonstrated that EPDE resist proteolysis by ruminal microorganisms in vitro and that a considerable portion of ruminally supplemented exogenous xylanases remained active in the duodenum (Hristov et al., 1997b) . This raised the possibility that increased polysaccharidase activity in the small intestine could positively affect nutrient digestion and animal performance in ruminants, in a manner similar to that reported for nonruminants (Campbell and Bedford, 1992) . The present experiment was conducted to further investigate the abomasal stability of EPDE and to compare the effects of ruminal vs abomasal supplementation of EPDE on nutrient digestion in cattle.
Materials and Methods
Animals involved in these experiments were cared for according to the guidelines of the Canadian Council on Animal Care (Olfert et al., 1993) .
Experiment 1
Animals, Diet, and Treatments. Four Angus heifers (469 ± 6.0 kg live weight) fitted with ruminal and simple T-shaped duodenal cannulas were blocked into two groups by live weight and DMI and randomly allotted to treatments in two incomplete 3 × 3 Latin squares (Youden squares; Cohran and Cox, 1957) . Treatments were as follows: 1 ) control, no enzyme; 2 ) EPDE sprayed onto and mixed with the daily ration ( EF) ; and 3 ) EPDE infused into the abomasum via the ruminal cannula ( EA) . In each period, two treatments were administered, each to two heifers. The heifers were penned in tie stalls and provided ad libitum access (at 5% refusals) to a total mixed ration ( TMR) consisting of rolled barley grain, corn silage, and soybean meal (Table 1) . Feed was offered in two meals daily.
The EPDE preparation was a 50:50 (wt/wt) mixture of a cellulase product (Enzyme C ) and a xylanase product (Enzyme X), both supplied by FinnFeeds International Ltd. (Marlborough, U.K.). Protein in the mixture comprised 32% from Enzyme C and 68% from Enzyme X. Enzyme activities of the EPDE treatment mixture were as follows: carboxymethylcellulase, 61.7 mmol/(g·min); xylanase, 246.6 mmol/ (g·min); and amylase, 6.8 mmol/(g·min).
Feed for the heifers was prepared daily at 1000. For EF diet, enough enzyme mixture to treat a 1-d supply of feed for both heifers at 3.5 kg/t (as-fed) was dissolved in 1 L of tap water. Feed ingredients were mixed together in a mechanical feed mixer, then as mixing continued the 1 L of enzyme solution was sprayed onto the TMR. Daily rations for the heifers in C and EA groups were prepared as for EF diet, but their TMR was sprayed with tap water ( 1 L per two heifers' rations). All heifers received 2/3 of their daily feed at 1500 ( 5 h after application of enzyme solution or water), and the remaining 1/3 was offered the next morning at 0800 (22 h after treatment). The experiment was conducted in the winter of 1996−1997 in a heated metabolism barn. Feed was prepared and stored at room temperature (20°C). For heifers in the EA group, the daily amount of enzyme mixture was dissolved in 1,800 mL of tap water and continuously infused into the abomasum of each heifer with a peristaltic pump. Daily EPDE application levels were 47.0 g of enzyme mixture per heifer by EF and 41.6 g/ heifer by EA. The difference in application rates was a result of differences in feed intake between the two treatments.
Abomasal infusion was accomplished using a device similar to the one described by Dhiman et al.(1993) . The infusion tubing (10 mm o.d.) extended 600 mm from the ruminal cannula to the omasal orifice and another 350 mm through the omasum into the abomasum. The omasal washer was 100 mm in diameter and contained four symmetrical 20-mm openings.
Sample Collection. The experiment comprised three 21-d periods, each consisting of 14 d of adaptation and 7 d of sampling. The abomasal infusion was maintained from d 8 to 21. Feed samples were collected twice weekly before the afternoon feeding (i.e., 5 h after enzyme treatment for EF). Samples were combined for each period and stored at −40°C until analyzed. Water-soluble reducing sugars ( RS) were extracted from EPDE-treated and untreated TMR samples by blending a 1:10 (wt/vol) suspension in water for 45 s at high speed in a Waring blender. Suspensions were then centrifuged at 21,000 × g for 15 min, and the supernatants were analyzed for RS as described below.
Total fecal and urine collections were conducted in each period from d 15 to 21 and d 16 to 21, respectively. Subsamples (10%) of feces were dried at 70°C and ground to pass through a 1.0-mm sieve. Urine was collected through Foley catheters into 500 mL of 1 M H 2 SO 4 . Urine volume was recorded and corrected for amount of H 2 SO 4 , then subsamples were diluted 1:5 and 1:50 with distilled water for uric acid and allantoin analyses, respectively, and stored at −40°C until analyzed.
Samples of ruminal and duodenal contents were collected at 0, 3, and 6 h after the morning feeding on d 15, 16, and 17. Ruminal content samples comprised 100 g of whole content from the bottom of the ventral rumen sac and 100 g from the reticulum. These were combined and squeezed through two layers of cheesecloth. Subsamples were taken for measures of pH, VFA (McAllister et al., 1992) , ammonia (NH 3 ) , total free amino acids ( TFAA) , RS, viscosity, and enzyme activities. Duodenal samples (50 mL) were analyzed for viscosity and enzyme activities. Samples for NH 3 and TFAA were precipitated with 65% trichloroacetic acid ( TCA; 5% final concentration), stored on ice for 30 min, and centrifuged at 28,000 × g for 15 min at 4°C, and the supernatant was frozen until analyzed (Broderick and Kang, 1980) . Samples for carboxymethylcellulase ( CMCase) , xylanase, and amylase activities were immediately frozen ( −40°C) for storage. After thawing, they were sonicated for 30 s (Vibra cell sonicator, Sonics & Materials, Dandury, CT) and centrifuged at 11,220 × g for 10 min at 4°C, and the supernatants were analyzed for enzyme activities and RS concentrations. Samples for viscosity were processed as for enzyme activities, except the sonication step. Viscosity was measured with a cone/ plate viscometer DV-II+ (Brookfield Engineering Laboratories, Stoughton, MA).
Ruminal disappearance of DM was determined using the nylon bag technique. Beginning on d 18, samples of both EPDE-treated and untreated feed (4.5 g DM per bag) were ruminally incubated in monofilament polyester bags (10 × 15 cm, 53 mm pore size) across control, EF, and EA treatments for 0, 3, 18, 24, and 48 h, and in situ DM disappearance was estimated as described by Ørskov and McDonald (1979) . In sacco disappearance data were analyzed across experimental treatments (control, EF, and EA) for EPDE-treated or untreated feed or across treatment of feed (EPDE-treated and untreated) for experimental treatments.
The outflow rates of ruminal fluid and solids were determined using Co and Yb as markers, respectively. On d 18 and 20 of each period, 2.5 g of Co (as Co/Li-EDTA, Udén et al., 1980) was dissolved in 500 mL of tap water and dosed into the rumen of each heifer at the time of the morning feeding. Also on d 18 and 20, 3 g of Yb (as YbCl 3 ·6H 2 O dissolved in water) was sprayed onto 1 kg of feed and introduced directly into the rumen for determination of passage rates of solids. Ruminal content samples for Co and Yb analyses were taken 0, 1.5, 3, 6, 9, and 12 h after dosing and filtered through polyester fabric with 105 mm pore size, and the liquid and solid fractions were frozen separately. For analysis, thawed liquid samples were centrifuged at 11,220 × g for 15 min, and Co in the supernatant was determined by atomic absorption spectrophotometry (Perkin Elmer Corp., 1976) . The solid samples were freeze-dried, ground through a 1-mm sieve, and ashed at 550°C for 12 h, and .5 g of ashed sample was shaken for 2 h with 20 mL 2% (vol/vol) nitric acid (with 1.91 g/L KCl added). The samples were centrifuged at 11,220 ± g for 15 min, and supernatants were analyzed for Yb as described for Co.
On d 19 and 21 of each sampling period, blood samples were taken from the jugular vein 4 h after the morning feeding. Plasma was collected by centrifugation at 1,500 × g for 40 min and stored at −40°C until it was analyzed for glucose (Industrial method No. 389-76P, Technicon Instruments Corp., Tarrytown, NY) and urea. Urea nitrogen in the plasma was determined following conversion of urea to ammonia with urease. Thawed plasma (.25 mL) was brought to room temperature (25°C ) and incubated for 10 min with 1.5 mL of a urease solution (4.03 U/mL Type III urease from Jack beans, Sigma Chemical Co., St. Louis, MO). The reaction was terminated by vortexing with .15 mL of 65% (wt/vol) TCA and incubating on ice for 30 min. After centrifugation at 21,000 × g for 10 min, ammonia in the supernatant was determined (Broderick and Kang, 1980) . Feed and fecal samples were oven-dried at 70°C, ground through a 1-mm screen, and analyzed for nitrogen (Nitrogen analyzer 1500, Carlo Erba Instruments, Milan, Italy) and NDF (Van Soest et al., 1991) . For nitrogen analysis, the ground sample was pulverized in a planetary micromill (Pulverisette 7, Fritsch Gmbh, Idar-Oberstein, Germany). Urine samples were analyzed enzymatically for uric acid using a commercially available kit (685-10, Sigma Chemical), and allantoin concentrations were determined semiautomatically using the method of Lindberg and Jansson (1989) with the following modifications: 1 ) Tween 20 was omitted from all reagents except the sampler washing solution ( 1 mL/L), 2 ) the cooling bath temperature was 4°C, and 3 ) formation of the chromophore was at 25°C. The amount of microbial purines absorbed ( MP; mmol/d) was estimated as follows:
( Verbic et al., 1990) , in which PD is the purine derivatives measured in the urine (mmol/d), .385 mmol/kg LW .75 is a correction for endogenous PD, and .85 is a recovery coefficient. Rumen microbial protein synthesis ( MPSR, g N/d) was calculated according to Chen et al. (1992) :
in which 70 is N content of purines (mg N/mmol PD), .83 is digestibility coefficient for microbial purines, and .116 is the ratio of purine N to total N in rumen microorganisms.
Experiment 2
An in vitro experiment was designed to determine abomasal stability of the CMCases, xylanases, amylases, and b-glucanases in Enzyme C and Enzyme X. Previous work in our laboratory has suggested that acidity may be as responsible for inactivation of EPDE in the abomasum as proteolysis (Hristov et al., 1997b) . Stabilities of the two enzyme preparations were tested at 8 pH levels: .85, .98, 1.15, 1.44, 1.83, 2.13, 2.80, and 3.39 (final pH after addition of enzyme solutions). Acidity was adjusted with 1 N HCl in distilled water.
The enzyme preparations were dissolved in distilled water and incubated with HCl solution (blank) or with HCl plus pepsin (EC 3.4.23.1, porcine stomach mucosa pepsin A, Sigma Chemical, 75 U/mL, final concentration). Final concentration of enzyme was 1.25 mg/mL, calculated to simulate the concentration of enzyme in an 80-L rumen when 20 kg of feed treated with 5 kg/t of enzyme is consumed per day (Hristov et al., 1997b) . Samples were incubated for 2 h at 39°C. After incubation, samples were placed on ice, the pH of all samples was adjusted with 1 N NaOH to 5.8 ± .01, and 2-mL duplicate samples were incubated with substrates to determine remaining polysaccharidase activity. Average activities were determined from four incubations at each pH ( n = 4).
Enzyme Activity Assay. For determination of polysaccharidase activities, 2-mL samples were incubated with 4 mL of substrate solution containing low viscosity CMC (sodium salt), oat spelt xylan or insoluble wheat starch (20 g/L), or barley b-glucan (6.8 g/L). The substrates were suspended (CMC was dissolved) in .2 M sodium phosphate buffer (pH 6.0). Activities against these substrates were referred to as CMCase (E.C. 3.2.1.4), xylanase (E.C. 3.2.1.8), amylase (E.C. 3.2.1.1), and b-glucanase (E.C. 3.2.1.6), respectively. Incubations ( 2 h, 39°C ) were conducted in duplicate in 14-mL capped test tubes affixed to a continuously rotating platform. After the incubation, the tubes were placed immediately in a boiling water bath for 6 min, then centrifuged at 10,080 × g for 5 min at 4°C. The supernatants were kept overnight at 4°C then analyzed for RS using glucose as a standard. The RS were assayed using a semiautomated ferricyanide method (Industrial method no. 389-76P; Technicon Instruments) with the following modifications: 1 ) ferricyanide reagent contained .6 g/L of K 3 Fe(CN) 6 and 38 g/L of Na 2 CO 3 ; 2) sampler washing solution was 5% (vol/vol) acetic acid with 1% Brij 35 (Sigma Chemical); and 3 ) sample and wash times were set to 25 and 50 s, respectively. Activities were expressed as micromoles of RS released from 1 g of crude enzyme preparation per minute, as nanomoles of RS released from 1 mg of crude enzyme preparation per minute, or as nanomoles of RS released from 1 mL of ruminal fluid or duodenal digesta per minute.
Statistical Analyses. Repeated sampling in Exp. 1 was averaged by animal and by period (four means per treatment). Experiment 1 was analyzed as a replicated incomplete 3 × 3 Latin square (Youden square) by analysis of variance. Treatment means were separated by t-test. Data from Exp. 2 were analyzed using a general linear model, with pH and pepsin as main effects (Minitab 10.5 Xtra, Minitab, State College, PA).
Results

Experiment 1
Treatment of feed with EPDE increased ( P < .05) the RS content of the diet and reduced ( P < .05) its NDF content (Table 1) .
Ruminal pH was not affected by treatment. Ruminal RS concentration was lower ( P < .10) in heifers fed EF than in controls (Table 2) . Relative to EF, abomasal infusion of enzyme tended to increase ruminal RS ( P = .11) and NH 3 ( P = .10). Acetate concentrations were similar among treatments, but, compared with control, ruminal propionate tended to decrease ( P = .14) when EPDE were infused into the abomasum. Relative to the control diet, butyrate and iso-valerate concentrations increased ( P < .05) with EA, and acetate:propionate ratio also tended to increase ( P = .12). Ruminal liquid and solid outflow rates were not affected ( P > .05) by enzyme treatments, except that abomasal infusion of EPDE tended to reduce liquid outflow rate from the rumen, compared with control ( P = .17).
Ruminal fluid viscosity was numerically lower in heifers receiving EF diet than in those in the control group ( P = .23). Relative to the heifers receiving the abomasal infusion, ruminal fluid viscosity of those fed EF was notably lower (12%; P < .10). Compared with control animals, fibrolytic activities (CMCase and xylanase) in cell-free ruminal fluid from heifers fed EF were numerically higher (by 21%, P = .12 and by 38%, P = .26, respectively). Abomasal infusion did not affect fibrolytic activities in ruminal contents. Over the three sampling times, CMCase and xylanase activities in ruminal digesta were relatively constant (data not shown). Relative to control animals, ruminal amylase activity was lower ( P < .10) in the EA heifers.
Viscosity of duodenal digesta was somewhat lower in heifers receiving supplementary EPDE than in the control animals, but the difference was not significant. Carboxymethylcellulase activity was not detected in duodenal digesta from control heifers. Animals receiving EPDE-treated feed had .75 nmol/(mL·min) CMCase activity and higher ( P < .10) xylanase activity in their duodenal digesta compared to the control. Duodenal CMCase activity tended to be higher with EA than with EF ( P = .19). Although CMCase activities were higher in samples from the EPDE-supplemented heifers (EF or EA) than from controls, they were negligible compared with the CMCase activities measured in ruminal samples (e.g., with EA, duodenal CMCase activity was 5% of ruminal activity). Duodenal xylanase activity in EF samples was over 12 times higher ( P < .10) than that in controls; in EA samples, it was over 30 times higher ( P < .05). With EA, duodenal xylanase activities were elevated to values approximately one-half as high as those in the rumen. Duodenal amylase activity, which was also insignificant relative to ruminal levels, was not affected by supplementary EPDE ( P > .10).
Relative differences in duodenal enzyme activities across treatments remained constant over the 6-h sampling period (data not shown).
Site of enzyme supplementation did not affect the kinetics of in situ feed DM disappearance (Table 3) . The soluble, readily degradable fraction of DM was higher ( P < .05) in EPDE-treated feed than in untreated feed (29.6 vs 24.0%), but this did not affect the insoluble potentially degradable fraction (56.6 vs 56.2%) or the effective degradability of DM (56.6 vs 55.3%). Rate of degradation of EPDE-treated feed tended to be lower ( P = .11) than that of untreated feed.
Dry matter intake, digestibility traits, blood glucose and urea levels, and urinary excretion of purine derivatives are shown in Table 4 . Dry matter intake by abomasally infused heifers was somewhat lower (1.3 to 1.4 kg/d) than DMI recorded for control and EF-fed heifers, although the difference was not significant ( P = .26). Enzyme treatment (via EF or EA) did not affect digestibility of DM, NDF, and crude protein; however, NDF digestibility tended to be slightly higher ( P = .20) with EA treatment than with EF.
Urinary excretion of allantoin was 35% lower in EA heifers than in the control heifers ( P < .05). Similarly, uric acid excretion was 29% lower in EA heifers than in the controls, although the difference did not achieve statistical significance. Relative to EF heifers, abomasal infusion of EPDE resulted in a 37.5% decrease in uric acid excretion ( P < .10). Supplying Table 3 . In situ dry matter disappearance kinetics of untreated and EPDE-treated a barley-based total mixed ration ruminally incubated in heifers receiving no exogenous enzymes (control), receiving enzymes via enzyme-treated diet (EF), or receiving enzymes via abomasal infusion (EA) a EPDE = exogenous polysaccharide-degrading enzymes (Enzymes C and X, Finnfeeds International Ltd., see text). b a = Soluble and readily degradable fraction (%); b = insoluble and potentially degradable fraction (%); c = rate of disappearance of b (/h); ED = effective degradability of DM ( % ) at k = .05/h. c SEM = standard error of the mean. d,e Within a row across heifer treatment groups, means with unlike superscripts differ ( P < .05). EPDE through the feed did not affect excretion of purine derivatives. Estimated microbial N production in the rumen was impaired by 56.9 g/d ( P < .05) in infused heifers, relative to controls. Blood glucose and urea levels did not differ among treatments.
Across untreated and EPDE-treated diets Across heifer treatment groups
Experiment 2
At pH values below 2.80, CMCase activities in both enzyme preparations ( C and X ) were susceptible to inactivation by acid and by pepsin ( Figure 1A) . In a strongly acidic environment, the inhibitory effect of pepsin on CMCase activity was more pronounced with Enzyme C than with Enzyme X. At pH 1.44, CMCase activity of Enzyme C in the presence of pepsin was only 16% of that measured without pepsin. By comparison, Enzyme X CMCase activity at pH 1.44 in the presence of pepsin was retained at 47% of control (pepsin-free) level. The pH optimum of the pepsin used in this experiment was 1.0 (Sigma Chemical).
Xylanase activities in Enzyme C and Enzyme X were comparatively resistant to pepsin-mediated inactivation ( Figure 1B) . Enzyme X maintained xylanase activity similar to the blank throughout all pH levels. The effect of acidity on Enzyme X xylanase activity was particularly evident at pH below 1.83. As compared with pH 1.83, pH 1.44 and 1.15 reduced xylanase activity by 29.8 and 74.3%, respectively.
Patterns of acid/pepsin inhibition of b-glucanase activity ( Figure 1C ) were similar to those for CMCase activity. As with CMCase, inhibition of b-glucanase activity by pepsin became evident at pH below 2.8. Values depicted are means ± SD. Where not visible, error bars fall within symbols. A: CMCase activity; B: xylanase activity; C: b-glucanase activity; D: amylase activity. For pH main effect, pepsin main effect, and pH × pepsin interaction, P-values were: CMCase: (.000, .000, .000), xylanase: (.000, .691, 1.000), b-glucanase: (.000, .000, .018), and amylase: (.004, .820, 1.000), respectively.
The effect of pepsin was greater on b-glucanase activity from Enzyme C than from Enzyme X and increased as the pH decreased. At pH 2.13, pepsin inhibited Enzyme C b-glucanase activity by 23%. At pH of 1.44 or less, it caused almost complete inhibition; residual activity was only .6 nmol/ (mg·min) in the pH .98 incubation. b-Glucanase activity in Enzyme X seemed to be more stable, because its maximal reduction by pepsin was only 38% at pH 1.83.
Amylase activity in Enzyme X apparently was highly resistant to pepsin proteolysis. Enzyme X is not a typical amylase, and the measured activities were comparatively low. Enzyme C had only trace levels of amylase activity. Acidity was inhibitory to Enzyme X amylase activity ( P < .01). As pH decreased from 3.39 to .85, activity declined from 4.0 to 1.6 nmol/ (mg·min).
Discussion
The lowered NDF content and increased RS concentration in EPDE-treated compared with untreated TMR was a result of enzymatic solubilization of plant fibers. Such an effect has been shown previously to accompany enzyme treatment of feed (Hristov et al., 1996a, b) . Other researchers did not find any decrease in NDF content of EPDE-treated alfalfa silage that had been stored for 24 h before analysis (Broderick et al., 1997) . In accordance with our previous observations, the activity of Enzymes C and X on the feed increased the soluble fraction of DM in the present experiment but did not alter in situ degradability of the insoluble fraction of DM. Apparently, under the conditions of this experiment, EPDE degraded primarily the portion of plant structural carbohydrates that were susceptible to microbial degradation in the rumen and did not solubilize the less available recalcitrant structures to any great extent. Although there was a significant difference between untreated and EPDE-treated feed in the concentration of RS and the soluble fraction a of DM, the NDF content of these diets only differed by 6.5%. It is likely that the increases in fraction a and concentration of RS result mainly from hydrolysis of barley grain b-glucans and starch. These polysaccharides are not recovered in the NDF residues (Van Soest et al., 1991) , and their solubility depends on the destruction of the endosperm cell walls .
The in situ incubation data showed that, compared with control diet, the soluble fraction of DM in EPDEtreated feed was increased. The degradable fraction of DM did not differ between the two treatments, but its rate of degradation was numerically lower (by about 20%) in the EPDE-treated feed. Effective degradability of DM was not affected by enzyme treatment. These results suggest that the fraction of DM solubilized by EPDE (recovered in fraction a) was the most readily digestible portion of the degradable DM (recovered in fraction b) . As a result, the remaining fraction b had a lower rate of degradation, and the effective degradability was equal between EPDEtreated and untreated feed. It is possible that EPDE partially hydrolyzed barley grain endosperm cell walls, which would otherwise not be available for digestion by rumen microorganisms in the initial stage of ruminal fermentation. This process would enhance release of soluble cell constituents relative to the untreated feed but would not increase the extent of DM degradation. Feng et al. (1996) found no increase at 96 h in the extent of in situ DM or NDF disappearance from dry, fresh, or wilted EPDE-treated grass. In a separate study, the same researchers found that the extent of in situ DM and NDF disappearance at 96 h, averaged across all treatments, was increased by EPDE treatment, but the individual enzyme treatments did not differ from the control (Lewis et al., 1996) .
Ruminal CMCase and xylanase activities were numerically increased following introduction of EPDE into the rumen via EF ( P > .05). The differences over control were 9.2 and 82.9 nmol/(mL·min) (95% confidence interval: −3.4, + 12.7, and −49.4, + 180.5) for CMCase and xylanase, respectively, but due to the large variation in ruminal PDE activities a true difference was not well established by these data.
The enzyme extraction procedure adopted in this experiment produced data representative of the liquid/ small particle fraction (cheesecloth filtrate) of ruminal content but could not account for activity associated with large feed particles. In a supplementary study, we determined that CMCase activity per gram of DM is approximately 60% higher ( P < .05) in cheesecloth-filtered ruminal fluid than in whole ruminal contents. Assuming that the ratio of liquid-to solids-associated DM in the ruminal content of cattle fed a high-grain diet is approximately 25:75 (our unpublished observations), the CMCase activity in the fluid/small particles phase would represent approximately 35% of the activity present in whole ruminal content. Thus, the observed effect of EPDE on rumen CMCase and xylanase activities in the fluid/ small particle phase was greater than would be observed for whole ruminal digesta. The increased fibrolytic activity in the rumen was reflected in lowered viscosity of the fluid fraction.
Treating the diet with EPDE prior to feeding tended to increase ruminal acetate:propionate ratio and butyrate concentration and to reduce ruminal RS concentration. There was no effect on ruminal pH. Lewis et al. (1996) reported decreased ruminal pH in steers fed EPDE-treated grass forage. In that study, enzyme treatment of the feed significantly increased VFA production in the rumen with no shift in molar proportions of individual VFA. In the present experiment, abomasal infusion exerted a more pronounced effect on ruminal fermentation. The observed increases in ammonia and butyrate concentrations, decrease in amylase activity, and tendencies toward increased RS concentration and acetate:propionate ratio suggest a possible shift in rumen microbial fermentation patterns as a result of the decreased DMI by EA heifers, compared with the controls. It is unlikely that this effect was caused by the enzymes, because they were administered postruminally. It is more likely that this response is a consequence of the presence of the infusion device. Published reports on abomasal infusions consistently indicate inhibition of DM intake by infused animals relative to uninfused controls ( −2.5 kg/d, Broderick et al., 1970; −2.1 to −4.6 kg/d, Dhiman et al., 1993 ; −1.5 to −2.5 kg/d, Romo et al., 1996 ; −2.2 kg/d, Huhtanen et al., 1997; −1 kg/d, Bruckental et al., 1997) . In the present experiment, mechanical restriction of rumen motility during the 2-wk infusion likely reduced DM intake and caused the shift in ruminal fermentation. Consequently, microbial protein synthesis (measured through urinary excretion of purine derivatives) was significantly reduced.
In this experiment, xylanases were the only EPDE resistant enough to successfully bypass the rumen and abomasum and significantly increase xylanase activity of duodenal digesta (to 52% of the average ruminal values). Other researchers have also found high resistance to proteolysis in a wide range of xylanases from both mesophilic and thermophilic microorganisms (Fontes et al., 1995) . The latter authors also reported that only one cellulase was resistant to proteolytic attack, but, when substrate was provided, all tested cellulases were resistant to proteolysis. Similarly, Inborr et al. (1994) achieved high recovery (from 75 to 125%) of exogenous xylanases in pig stomach .5 h after enzyme supplementation. The activity rapidly decreased, and, at 4 h after feeding, it was less than 25% of that measured .5 h after feeding. Chesson (1993) reported 32 and 26% recoveries of onfeed levels of xylanase and b-glucanase activities at the terminal ileum of swine. Gorbacheva and Rodionova (1977) suggested the involvement of glycosylation in proteolytic stability of polysaccharide-degrading enzymes ( PDE) , although, as pointed out by Fontes et al. (1995) , nonglycosylated enzymes were also found to resist proteolysis. The latter authors suggested that evolutionary adaptation and inheritance might regulate proteinase stability of PDE. In Exp. 1, CMCase activity was present at trace levels in duodenal digesta. Abomasal infusion failed to supply significant amounts of that activity to the intestine. Given that ruminal CMCase activity was higher when EPDE were introduced into the rumen (via EF), it appears that the abomasum is a major barrier that prevents active cellulases (and polysaccharidases in general) from entering the intestine. These data are in accordance with our previous observations (Hristov et al., 1997b) indicating cellulases from the tested crude enzyme preparations have very low resistance to proteolysis in the abomasum.
The approximate percentages of CMCase and xylanase activities escaping ruminal and abomasal inactivation can be estimated, using an assumed digesta flow at the duodenum of 80 kg/d (calculated from Huhtanen et al., 1994 , for this type of diet and the DMI recorded for EF-fed heifers; this estimate was corrected to 68 kg/d for EA heifers, due to lower DMI). Without taking activities in untreated duodenal digesta into account, escape values for CMCase and xylanase activities in the EF and EA treatment groups were calculated as follows:
Escape ( % ) = (Flow of digesta at the duodenum × Activity of digesta)/(Amount of enzyme dosed × Activity of crude preparation) × 100.
[3]
Therefore, for each treatment and activity combination:
CMCase ( where 80,000 and 68,000 are grams per day of duodenal digesta (from estimated flow rates); . Thus, only 2.1 and 5.8% (EF and EA, respectively) of the supplemental CMCase activity escaped the rumen and the abomasum and was recovered at the duodenum. Approximately 67% of the supplemental CMCase activity was inactivated in the abomasum. In contrast, the exogenous xylanases were comparatively stable, with approximately 70% loss in activity occurring in the rumen and abomasum, with 28% of this 70% occurring in the abomasum.
These data were consistent with observations made in Exp. 2, in which it was clearly shown that cellulases and b-glucanases from Enzymes C and X would be expected to be less resistant to proteolysis in the abomasum and that the extent to which they reach the intestine active is minuscule, compared with that of the xylanases. In contrast to these findings, high stabilities to pepsin proteolysis have been reported for a cellulase (Yu and Tsen, 1993) and for a b-glucanase (Almirall and Esteve-Garcia, 1995) . Baas and Thacker (1996) , however, detected only 23 to 57% of initial b-glucanase activities (pH 5.5) after incubating five commercial b-glucanases at pH 2.5 for 120 min. In Exp. 2, the remaining b-glucanase activity of Enzyme C at pH 1.83 (without pepsin) was about 80% of the activity at pH 3.39. Although relatively stable at low pH (50% recovery at pH .85) the bglucanase from Enzyme C was largely inactivated in the presence of pepsin. In a series of incubations preceding Exp. 2 we found that the effect of pepsin could be detected only after proper readjustment of pH in the incubation medium for the polysaccharidase activities assay. For example, the pepsin effect on CMCase and b-glucanase activities of Enzyme C was negligible when pH of the incubation medium was not adjusted to 5.8 (data not shown). The pH optima of the two enzyme complexes (determined in our laboratory) were as follows: 4.5 and 4.8 (CMCase), 5.6 and 5.2 (xylanase), and 5.6 and 5.6 ( b-glucanase) for Enzymes X and C, respectively. As a result of the suboptimal (for these enzymes) pH of the polysaccharidase test media, the blank enzyme samples (without pepsin) incubated at low pH possibly did not express their remaining activity and masked the effect of the pepsin. Acidity was also a major factor in the inactivation of EPDE in the abomasal model. Carboxymethylcellulase and b-glucanase activities from both enzyme preparations were significantly and irreversibly diminished in pepsin-free incubations below pH 2.0 and even the pepsin-resistant xylanases exhibited a sharp drop in activity in the lower pH incubations. Low pH and high pepsin concentration in the abomasum seem to be critical factors in preventing EPDE from reaching the lower digestive tract in ruminants. In vivo observations (Exp. 1 ) confirmed this hypothesis. Gastric fluids from nonruminant and ruminant animals commonly exhibit pH values below 2.0 (Phillipson, 1970) and may be lower than 1.0 (Hill, 1970) . These values are considerably lower than those for fluids from the avian stomach (4.2 to 4.7) or gizzard (2.0 to 2.6). Pepsin concentrations in gastric fluids of birds are also lower than those of most mammals (Sturkie, 1970) . These factors, as well as duration of residence in the stomach, length of intestine, and viscosity of digesta, all likely contribute to the low success of EPDE treatments for improving swine nutrition relative to poultry nutrition (Campbell and Bedford, 1992; Baas and Thacker, 1996) .
Despite the remarkably high xylanase activity of duodenal digesta attained in Exp. 1, total tract digestibilities of DM, NDF, and CP were not improved relative to the control group. Feng et al. (1996) and Lewis et al. (1996) reported increased apparent digestibilities of DM, NDF, and ADF in EPDE-treated grass forage fed to steers. Enzyme treatment of barley grain immediately prior to feeding did not result in improved in vivo digestion of the dietary nutrients (Lewis et al., 1996) . Broderick et al. (1997) also reported that treating an alfalfa-based diet with EPDE did not affect in vivo digestion of dietary NDF and ADF. Beauchemin et al. (1995) reported a 36% increase in ADG of steers fed EPDE-treated timothy hay and attributed the effect to an increase in ADF digestibility. Digestible DMI was increased by 14% with the highest EPDE application rate but the response to level of enzyme was not consistent. In the present experiment, effective ruminal degradation of DM was slightly lower (by 1.6%; P > .05) on EA compared to control, and total tract apparent digestibility appeared to be slightly increased (by 2.1%; P > .05). Thus, the calculated intestinal digestion of DM was actually increased by 10.6% with EA, compared to control. Beauchemin et al. (1998, personal communication) found increased intestinal digestibility of an enzyme-treated forage/concentrate diet in dairy cows. However, in an experiment with a similar diet but a different enzyme preparation, we observed the opposite effect. The calculated intestinal digestibility of nutrients tended ( P < .1) to be depressed by higher levels of EPDE (Hristov et al., 1997a) . These contradictory results demonstrate that the effect of EPDE on nutrient digestion depends greatly on the enzyme preparation, its composition and perhaps its stability in the digestive tract, and on the composition of the basal diet.
Results from the present study suggest that under these experimental conditions, duodenal xylanase activity was not a limiting factor in nutrient digestion. Inborr et al. (1993) reported increased nutrient digestibility in the third and fourth quarters of the intestine of pigs when enzyme supplements providing increasing levels of exogenous xylanase (590 and 740 U/g) were added to a barley/wheat-based diet, but ADG and feed conversion ratio were not improved. Further research is required to study the effects of postruminal supplementation of xylanases alone or in combination with cellulases ( b-glucanases), or of other exogenous enzymes, on intestinal digestion in ruminants on different dietary regimens. For metabolism experiments, intestinal supplementation of enzymes could be achieved through duodenal infusion, but for production trials involving larger number of animals techniques must be developed for ruminal and abomasal protection of enzymes, or degradation-resistant EPDE must be selected.
Implications
Exogenous polysaccharide-degrading enzymes (EPDE) are irreversibly inactivated at pH values typical for abomasal digesta. This study demonstrates that exogenous xylanases are relatively resistant to ruminal and abomasal inactivation, but their increased levels in duodenal digesta do not improve utilization of dietary nutrients. Abomasal infusion did not successfully supply other EPDE to the small intestine. Thus, further research is required to determine the postruminal effects of other enzymes, such as cellulases, b-glucanases, and amylases, on cattle fed different types of diets.
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